Introduction
Detection of toxic heavy metals below the defined toxic level is of particular interest to human health and environmental management. [1] [2] [3] One of the toxic heavy metals is lead, which is an important environmental pollutant. Even small amounts of Pb 2+ can cause severe damages to the brain, kidneys, liver, and nervous system. 4 The maximum permissible concentration of Pb 2+ in drinking water by the US Environmental Protection Agency (EPA) is 15 ppb (7.2 × 10 -8 M), 5 and the amount allowed by the World Health Organization (WHO) and European Commission is 10 ppb (4.8 × 10 -8 M). 6, 7 Traditional analytical techniques used for the detection of Pb 2+ mainly include atomic absorption spectrometry, 8 electrochemiluminescence, 9 inductively coupled plasma mass spectrometry, 10,11 X-ray fluorescence spectroscopy 12, 13 and surface plasmon resonance spectroscopy. 14 The sensitivity and accuracy for Pb 2+ detection of these techniques are excellent, however, they are limited by a series of drawbacks such as expensive and bulky instrumentation. Also, necessary pretreatment procedures could restrict use of these methods for on-site detection of Pb 2+ . Besides high sensitivity and selectivity, in-field sensing requires the device to be small, low power, easy to be integrated into robotics, and even with wireless capabilities. Microelectromechanical systems (MEMS) provide a platform for the development of miniature sensors to meet these requirements.
Micromachined cantilevers are one of the simplest MEMS devices. Microcantilever sensors are extremely sensitive and are suitable for a variety of applications in chemical, physical, and biological detection. [15] [16] [17] [18] [19] Because of their small size, light weight, and low power consumption, microcantilever-based sensors have improved our capability to detect toxic chemicals in the field. Microcantilevers can detect chemicals in liquid due to their ability to deflect as a result of molecular adsorption or binding-induced change in surface tension. The surface tension produces the upward or downward bending of the microcantilevers. The concentration of target biological or chemical species can be calculated by measuring the deflection magnitude of the microcantilevers,
The selectivity of the sensor can be achieved through specific receptors that are immobilized on the surface of microcantilevers. In 2005, McKendry et al. demonstrated that surface tension generated from conformational changes in DNA due to a change of pH can result in the bending of microcantilevers. 20 It is expected that a similar theme can be used for Pb 2+ detection. Over the past decades, functional nucleic acids have been used as a tool for Pb 2+ detection. Most of them are based on a Pb 2+ -dependent DNAzyme. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] DNAzymes are catalytic DNA molecules that can be used in biosensing due to their capabilities for catalyzing specific chemical reactions. A particularly efficient one for Pb 2+ detection is a Pb 2+ -induced formation of G-quadruplex (G4) DNAzyme, which relies on the structural change of the DNAzyme, but not its catalytic characteristics. 31, 32 The Pb 2+ sensors based on Pb 2+ -dependent DNAzyme exhibit high sensitivity and selectivity for Pb 2+ . Most of these sensors are based on fluorescent spectroscopy, which requires fluorescent labels. In this work, we report a Pb 2+ sensor based on
We developed a novel Pb 2+ -sensor based on a microcantilever that was modified with a specific Pb 2+ -dependent DNAzyme molecule. This microcantilever sensor could detect Pb 2+ sensitively and selectively in an aqueous solution. Upon complexation with Pb 2+ , the DNAzyme duplex unwinded and formed a G-quadruplex conformation, which led to an increase of repulsion between the DNAzyme molecules and a subsequent bending of the microcantilever. This microcantilever sensor could be regenerated, flowing through a strong Pb 2+ chelator, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid. The detection limit of the microcantilever sensor for Pb 2+ ions is as low as 10 -8 M. The microcantilever sensor also exhibited a high selectivity to Pb 2+ over other metal ions such as Mg 
Experimental

Materials and reagents
We used commercially available silicon microcantilevers (Mikro Masch Co., Sunnyvale, CA) in all of our experiments. The dimensions were 350 μm in length, 35 μm in width, and 1 μm in thickness. One side of the cantilever was covered with a thin film of chromium (20 nm) followed by a 20-nm layer of gold, and the other side was silicon with a thin naturally grown oxide layer.
All the chemicals were of analytical grade. The chemicals including Pb(NO3)2, Mg(NO3)2, Fe(NO3)3, Cd(NO3)2, Zn(NO3)2, and Ca(NO3)2 were obtained from Sinopharm Chemical Reagent Beijing Co., Ltd. To tether the oligonucleotide to the gold surface of microcantilevers by Au-S bond, the 3′ end was tailored with an alkanethiol linker X (5′-GGGTGG-GTGGGTGGGT-3′-(CH2)6SH), 20 the thiolated G-rich singlestranded oligonucleotide Pb 2+ -dependent DNAzyme X and a single-stranded oligonucleotide Y (3′-C-ACCCTCCCAC-5′, which is partially complementary to the DNAzyme X); these were obtained from Sangon Biotechnology Co., Ltd. (Shanghai, PRC). Also, 3-(N-morpholino)propanesulfonic acid (MOPS) and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) were purchased from Sigma-Aldrich. All reagents were used as received without further purification. The stock solution of oligonucleotide (100 μM) was prepared in 10 mM Tris-HAc buffer (pH 8.0).
Deflection measurement
The apparatus used in this study was previously reported. 33 The deflection experiments were performed in a flow-through glass cell using a four-quadrant atomic force microscopy (AFM) with integrated laser and position sensitive detector (Digital Instruments, Santa Barbara, CA). For continuous flow-through experiments, initially, the buffer solution was circulated through the cell using a syringe pump. A constant flow rate was maintained during each experiment. Before each measurement, a microcantilever was equilibrated in 0.05 M MOPS-NH2OH (pH 6.5) buffer until a stable baseline was achieved (all at 25 C; 2 mL/h flow rate for flow experiments). Experimental solutions containing different concentrations of Pb(NO3)2 were injected directly into the flowing fluid stream via a low-pressure injection port sample loop arrangement with a loop volume of 1.0 mL. This arrangement allows for continuous exposure of the cantilever to the desired solution without disturbing the flow cell or changing the flow rate. Since the volume of the glass cell, including the tubing, was only 0.3 mL, a relatively fast replacement of the liquid in contact with the cantilever was achieved. Microcantilever deflection measurements were determined using the optical beam deflection method. The bending of the cantilever was measured by monitoring the position of a laser beam reflected from the gold-coated side of the cantilever onto a four-quadrant AFM photodiode. In our experiment, we define "bending up" as bending toward the gold side and "bending down" as bending toward the silicon side. In case adsorption occurs on the gold surface, in general, the downward bending is caused by repulsion or expansion of molecules on the gold surface. The cantilever was immersed in the buffer solution until a baseline was obtained and the voltage of the position-sensitive detector was set as background corresponding to 0 nm.
Modification of microcantilevers by DNA
The mixed solutions of oligonucleotide DNAzyme X (5′-GGGTGGGTGGGTGGGT-3′-(CH2)6SH) and the oligonucleotide Y (3′-CACCCTCCCAC-5′) (1 μM in 10 mM Tris-HAc buffer, pH 8.0, v/v = 1/1) were heated at 88 C for 10 min, and gradually cooled to room temperature. Prior to functionalization, the microcantilevers were cleaned with piranha solution (7/3, 98% H2SO4 and 30% H2O2) for 1 min, followed by thorough rinsing in H2O (three times) and EtOH (two times). The formation of DNA SAM coated on the goldcoated cantilever was conducted by immersing the cantilever into a solution of DNA for 20 h, then rinsed with PBS buffer (pH 7.4) solution three times. Then it was immersed into 1 mM HS(CH2)6OH aqueous solution for 1 h, after that rinsed with H2O (three times). HS(CH2)6OH was co-absorbed onto the gold surface to fill the gaps between DNA molecules and enhance the stability of the SAM. 34 CD measurements CD spectra of DNA samples were collected with a JASCO J-810 spectropolarimeter (Tokyo, Japan) at room temperature. Throughout the experiments, the lamp of the spectropolarimeter was kept under a flow of N2 to avoid the formation of ozone.
Results and Discussion
To detect Pb 2+ via the binding-induced surface stresses generated from the duplex-quadruplex exchange, the DNAzyme was immobilized onto the gold side of microcantilevers. The microcantilevers were initially exposed to a flow (2 mL/h) of MOPS-NH2OH buffer (pH 6.5) and then a solution of the DNA single strand Y that is partially complementary to the DNAzyme, until a stable baseline was achieved (set as 0 nm deflection). When solutions containing various concentrations of Pb 2+ ions were injected into the fluid cell, the microcantilever bent down towards the silicon side and reached an equilibrium deflection within 40 min. Figure 1a shows the bending response of DNAzyme modified microcantilevers to various concentrations of Pb
2+
. The bending deflections increase as the concentration of Pb 2+ increases. The larger microcantilever deflection suggests larger surface stress change on the microcantilever surface at higher Pb 2+ concentrations.
The detection limit was approximately 10 -8 M with a deflection at approximately 12 nm, more than three times the noise level at 1 -3 nm. Figure 1b shows the curve of the maximum bending deflection of microcantilevers upon injection of different concentrations of Pb 2+ . The maximum bending deflection is proportional to the concentration of Pb 2+ with the R 2 value of 0.975. Above 10 -4 M, the microcantilevers did not bend further and reached a maximum.
G-quadruplex DNA have a close proximity of four negatively charged phosphate backbones. Based on our understanding of the microcantilever bending mechanism, it is highly likely that the formation of the G-quadruplex DNA causes intermolecular repulsion between adjacent G-quadruplex DNA molecules due to the conformation change of the DNA molecules. 31 A compressive stress is generated that bends the cantilever downward (away from the gold surface) to release the energy (Fig. 2) . 20 The Pb 2+ -induced formation of the G4 structure of the DNAzyme was observed from circular dichroism (CD) spectra (Fig. 3) . In the absence of Pb 2+ , the positive peak at around 265 nm and the shoulder peak at around 285 nm are attributed to the B-form duplex. 35 When Pb 2+ is added, it causes an increase in the 265 nm band and the disappearance of the 285 name shoulder peak. This change is companioned with the appearance of a new positive peak at around 315 nm, which is the characteristic CD peak of the Pb 2+ -stabilized G4 structure of the DNAzyme. 32, [36] [37] [38] The CD spectra of DNAzyme with other metals ions, such as Mg 2+ , Fe 3+ , Zn 2+ , Ca 2+ , and Cd 2+ , have been reported previously, 39, 40 and the results showed that DNAzyme had no strong complexation ability towards those metal ions.
Because of the high binding constant of DOTA with Pb 2+ (log K ≈ 23), 41, 42 it is expected that DOTA can be used to remove Pb 2+ from the G4-Pb 2+ complex (log K ≈ 7) 36, 38, 43 to regenerate the sensor. When DOTA is introduced into the system, DOTA removes Pb 2+ from the DNAzyme-Pb 2+ complex and converts the DNAzyme back to its original duplex structure. As a result, the DNAzyme modified microcantilever bent back near its original position (Fig. 4) . The bending of a microcantilever coated with duplex DNAzyme is tuned by the structural changes of the DNAzyme trigged by Pb 2+ and DOTA. When the microcantilever is exposed to the Pb 2+ ions solution again, the microcantilever deflect to a similar bending amplitude (Fig. 4) . It is believed that, upon the injection of DOTA, the G-quadruplex DNA is converted back to the duplex conformation, so the intraand intermolecular repulsion is released, causing the cantilever to bend upward, as shown in Fig. 2 .
To understand the selectivity of the DNAzyme modified microcantilevers for Pb 2+ , the response of the microcantilever to several common metal ions with two positive charges were investigated and the results are shown in Fig. 5 ) did not cause large bending deflection of the microcantilever, which is smilar with the fluorescent methods, 31 and the results demonstrate that the DNAzyme modified microcantilever can serve as a highly selective biosensor for detection of Pb
, which was consistent with other work. 31 These metal ions were selected because 1) except for Fe 3+ , others are M 2+ ions as Pb 2+ , and most of them are transition metal ions as Pb 2+ ; 2) they are abundant in the environment for potential interference.
Conclusion
In conclusion, this study shows that DNAzyme modified microcantilevers can detect Pb 2+ in an aqueous solution with the detection limit as low as 10 -8 M, which is much lower than the international drinking water sanitary standard (10 ppb, 0.122 μM). The sensor can be regenerated via adding a stronger Pb 2+ chelator DOTA. It exhibits a high selectivity for Pb 2+ over other metal ions such as Mg 2+ , Fe 3+ , Zn 2+ , Ca 2+ , and Cd 2+ . The results indicate that the DNAzyme modified microcantilevers hold promise for monitoring Pb 2+ in the environment. Compared to the traditional analytical techniques, our methods are microscale and reusable. It can be expected to offer a convenient means for real-time online monitoring of Pb 2+ in drinking water and even toxic waste water in factories. It is envisaged that these results will lay a foundation for designing and developing new heavy metal ion sensors based on microcantilevers with high sensitivity and selectivity, along with the promise for real-time online determination of heavy metal ions in the field. 
